Germ cells must safeguard, apportion, package, and deliver their genomes with exquisite precision to ensure proper reproduction and embryonic development. Classical genetic approaches have identified many genes controlling animal germ cell development, but only recently have some of these genes been linked to the RNA interference (RNAi) pathway, a gene silencing mechanism centered on small regulatory RNAs. Germ cells contain microRNAs (miRNAs), endogenous siRNAs (endo-siRNAs), and Piwi-interacting RNAs (piRNAs); these are bound by members of the Piwi/Argonaute protein family. piwi genes were known to specify germ cell development, but we now understand that mutations disrupting germline development can also affect small RNA accumulation. Small RNA studies in germ cells have revealed a surprising diversity of regulatory mechanisms and a unifying function for germline genes in controlling the spread of transposable elements. Future challenges will be to understand the production of germline small RNAs and to identify the full breadth of gene regulation by these RNAs. Progress in this area will likely impact biomedical goals of manipulating stem cells and preventing diseases caused by the transposition of mobile DNA elements.
Introduction
Small RNAs and the RNAi pathway are key components of gene regulation systems in eukaryotic cells. In animals, the proper development of somatic tissues is intimately dependent on a functioning RNAi pathway (Ambros, 2004) . Although germ cells are uniquely distinct from somatic cells because they form gametes, germ cell development also appears to require RNAi. However, germ cells exhibit an unanticipated diversity of RNAi mechanisms and have become the richest environment for the discovery of small regulatory RNAs.
MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) are two prominent classes of small regulatory RNAs in eukaryotes (Fig. 1 ). While miRNAs regulate many endogenous target messenger RNAs mainly through gene silencing (Bartel, 2009; Carthew and Sontheimer, 2009) , siRNAs are thought to provide organisms with innate defenses against viruses and transposable elements (TEs or transposons). miRNAs were largely first characterized in somatic cells, but it was anticipated that germ cells would express certain miRNAs specific to the germline (Mishima et al., 2008; Murchison et al., 2007; Ro et al., 2007; Watanabe et al., 2006) . However, the surprises lurking in germ cells were endogenous siRNAs (endo-siRNAs) not previously seen in somatic cells, and a germline-specific, abundant class of longer small RNAs called Piwi- * Tel.: +1 617 724 5455.
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interacting RNAs (piRNAs). Despite their abundance, piRNAs and endo-siRNAs have only recently been unveiled, and many aspects of their molecular functions are still undefined.
To date, nearly all small regulatory RNAs function in a complex with an Argonaute (AGO) or PIWI protein. Most animal genomes contain multiple homologs of these proteins. Each possesses a PAZ domain, which binds the 3 end of small RNAs, and a PIWI domain, which folds into an RNase H-like fold and can cleave a target RNA strand that is matched to the guide RNA bound in the domain ("Slicer" activity, Tolia and Joshua-Tor, 2007) . AGO proteins prefer to bind ∼20-23 nucleotide (nt) miRNAs and siRNAs, while PIWI proteins prefer to bind ∼24-31 nt long Piwi-interacting RNAs (piRNAs). miRNAs and siRNAs are processed by the Dicer endonuclease from precursors with double-stranded RNA (dsRNA) features; piRNAs are distinct because they are typically longer in length, their precursors, in general, lack dsRNA features, and their production does not require Dicer (Ghildiyal and Zamore, 2009) .
Several recent reviews discuss the discovery of these small regulatory RNAs (Ghildiyal and Zamore, 2009; Malone and Hannon, 2009; Klattenhoff and Theurkauf, 2008) . The miRNA and siRNA pathways have also been recently reviewed (Carthew and Sontheimer, 2009; Kim et al., 2009; Okamura and Lai, 2008) . Therefore, this germline-centric review of small regulatory RNAs will focus on the two newest classes of germ cell small RNAs: piRNAs and endo-siRNAs. I will discuss the history of how germline development studies have now intersected with the biology of small regulatory RNAs. Finally, I will address the current challenges in understanding small RNA biology within the context of germ cells and propose that germ cell focused studies will have broad implications for understanding animal health and evolution.
Where it began: RNAi and the nematode germline
Our understanding of small RNA-mediated gene regulation in animals can be traced to pioneering discoveries in the nematode Caenorhabditis elegans (C. elegans), such as the revelation that dsRNA triggers RNAi and that the developmental regulator genes lin-4 and let-7 encode miRNAs (Lee et al., 1993; Wightman et al., 1993; Reinhart et al., 2000) . In C. elegans, it was shown that RNAi can be induced simply by feeding the nematodes bacteria expressing dsRNA, and that this effect persists into progeny long after the source of the dsRNA trigger is removed, suggesting transmission and amplification of siRNAs in the germline (Grishok et al., 2000; Sijen et al., 2001; Timmons and Fire, 1998) .
The Plasterk laboratory isolated nematode mutants called mutators that displayed elevated mobilization of transposons; some of these mutants, such as mut-7, displayed a temperature-dependent sterility that was most evident when the homozygous mutation was carried by the hermaphrodite, suggesting that the MUT-7 protein was a maternally deposited gene product (Ketting et al., 1999) . Both the Mello and Plasterk laboratories found that some mutator strains were unable to mount an RNAi response when injected with dsRNA, while some RNAi-deficient (rde) mutant strains, such as rde-3, likewise displayed elevated transposon mobilization and were allelic with mutator genes (Ketting et al., 1999; Tabara et al., 1999) .
In a different approach, the Maine laboratory isolated a C. elegans mutant that was severely defective in oogenesis and carried mutations in the gene ego-1, a homolog of plant RNA-dependent RNA polymerases (RdRP, Smardon et al., 2000) . Plant and fungal RdRP genes are necessary for mounting an RNAi response to defend against viruses (Chen, 2009) , while in nematodes, ego-1 was found to be necessary for proper meiosis and mitosis, as well as for responding to dsRNA to initiate RNAi. In addition to ego-1, three other RdRP homologs are encoded in the C. elegans genome: rrf-1, -2, and -3, and mutations in these genes all exhibit a dampened gene silencing response (Smardon et al., 2000) . Converging on these RdRP genes as well as uncovering new genes, the Ruvkun and Plasterk laboratories discovered genes that enhance or suppress the RNAi response in somatic cells (Kennedy et al., 2004; Kim et al., 2005; Simmer et al., 2002) . For example, mutations in rrf-3 and eri-1 enhance RNAi in neurons, and curiously cause a temperaturedependent sterility defect, analogous to the phenotype seen in mut-7.
Although the links between RNAi, transposon regulation, and germline development in the nematode were not clear at the time, an emerging hypothesis was that RNA-based gene silencing phenomena played a role in germ cell formation through putative endogenous siRNAs and protein factors. It was thought that while RNAi triggered by exogenous dsRNAs was robust in many somatic cells, it was also dampened when competing with endogenous RNAi pathways in the germline. Thus, mutations in endogenous RNAi pathways that lowered endo-siRNA levels were thought to liberate common limiting RNAi factors to be used for effective exogenous siRNA-mediated silencing.
Formal characterization of endo-siRNAs from C. elegans lagged behind the broader discovery of miRNAs, in part because the earliest small RNA cloning methods focused on the 5 monophosphate of miRNAs and exogenous siRNAs. However, the endo-siRNAs in C. elegans became apparent with cloning techniques that captured RNAs regardless of the status of the small RNAs' 5 end (Ambros et al., 2003; Lee et al., 2006; Pak and Fire, 2007) and in identification of new factors involved in small RNA biogenesis (Duchaine et al., 2006 ). An examination of secondary siRNA molecules generated by RdRPs in nematodes indicated that they contain 5 di-and triphosphates, and might be unprimed RdRP products from mRNAs (Pak and Fire, 2007; Sijen et al., 2007) . Finally, a deep sequencing study by the Bartel laboratory suggested that endo-siRNA populations are diverse in C. elegans, with 21-, 22-, and 26-nt species that preferentially start with a 5 guanosine (Ruby et al., 2006) .
To further understand the repertoire of endo-siRNAs in the C. elegans germline, deep sequencing efforts have recently been applied to embryos, gametes, mutants affecting germline development, and immunoprecipitates of nematode AGO proteins resident in the gonads Gu et al., 2009; Han et al., 2009; van Wolfswinkel et al., 2009 ). These studies codified two classes of germline endo-siRNAs, 26G RNAs and 22G RNAs (Fig. 2) , which are distinct in their length, the factors that generate them, and the AGO proteins that bind them. Both 26G and 22G RNAs require an RdRP that likely synthesizes an unprimed antisense transcript to certain mRNAs expressed throughout the genome; however, the mechanism for selecting the specific mRNAs is currently unknown.
Not just nematodes: insects and vertebrate gonadal endo-siRNAs
The first discovered miRNA, lin-4, was once thought to be unique to C. elegans because of lack of obvious animal homologs; this assumption may have also been extended to endo-siRNAs because higher animals lack an endogenous RdRP homologous to EGO-1 or RRF-1. Nevertheless, long dsRNAs that are substrates for endosiRNA generation can be formed by single-stranded RNA precursors without an RdRP (Fig. 1) . However, most mammalian cells mount an aggressive innate immune response to intracellular dsRNA that In line with the expanded number of Argonaute-family proteins in the C. elegans genome, this nematode's gonad also contains an additional layer of small regulatory RNAs besides miRNAs and siRNAs. 21U RNAs may be orthologous to Piwi-interacting RNAs (piRNAs) based on the homology of Piwi-related gene-1 and -2 proteins to PIWI proteins of other animals. 26G and 22G RNAs are siRNAs most abundantly detected in gonads, and appear to require an RNA-dependent RNA Polymerase (RdRP) for initial steps of biogenesis. These RNAs are named after their signature length and the predominant 5 nucleotide in that class. While 21U and 26G RNAs likely often contain a 5 monophosphate, 22G RNAs predominantly contain a 5 di-or triphosphate. The model here speculates that 26G and 21U RNAs might serve as primary siRNAs/piRNAs that then promote generation of secondary siRNAs (22G RNAs).
is indicative of a viral infection (interferon response, Sen and Sarkar, 2007) , with the notable exception being germ cells, which do not activate the response when injected with dsRNA (Svoboda et al., 2000) .
Using deep sequencing of small RNAs from many thousands of mouse oocytes, the Hannon and Watanabe laboratories identified not only many known miRNAs and some piRNAs, but also a substantial number of endo-siRNAs (Tam et al., 2008; Watanabe et al., 2008) . The mouse oocyte endo-siRNAs are mainly 21-22 nt long, of which the majority map to transposons; in addition, a significant number can also be mapped to pseudogenes that either contain a large inverted repeat (e.g. the Ran-GAP pseudogene) or show extensive complementarity to an endogenous gene (e.g. Ppp4r1 and its pseudogene) (Fig. 1) . The groups postulated that these gene configurations produce dsRNA precursors that are processed by Dicer to generate endo-siRNAs that are loaded into the Argonaute-2 (Ago-2) complex (Tam et al., 2008; Watanabe et al., 2008) .
To validate a function for oocyte endo-siRNAs, mRNAs were profiled in dicer-null and ago-2-null oocytes. Predicted target transcripts like Ran-GAP and Ppp4r1 were up-regulated 2-4 fold in mutant oocytes. Ran-GAP is a protein implicated in controlling the molecular gradient of Ran-GTP, which mediates spindle organization (Kalab and Heald, 2008) . The substantial number of endo-siRNAs that target genes with microtubule-associated functions, like Ran-GAP, as well as the pronounced defects in meiotic spindle formation previously observed in dicer-null oocytes (Murchison et al., 2007; Tang et al., 2007) , have led to the suggestion that RNAi can modulate the microtubule cytoskeleton, although this remains to be tested molecularly (Tam et al., 2008; Watanabe et al., 2008) .
Shortly after mouse oocyte endo-siRNAs were described, multiple reports followed with deep sequencing of endo-siRNAs from Drosophila melanogaster (D. melanogaster) (Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a,b; Chung et al., 2008) . Intriguingly, endo-siRNAs were detected not only in ovaries, but also in somatic cells like fly heads or Schneider-2 cultured cells, which are regarded as fly somatic cells of embryonic origin (Czech et al., 2008; Ghildiyal et al., 2008; Okamura et al., 2008a,b) . Nuances on the origin and biogenesis of fly endo-siRNAs in somatic cells have been reviewed (Kim et al., 2009; Okamura and Lai, 2008; Ghildiyal and Zamore, 2009) .
Interestingly, many endo-siRNAs from germline and somatic cells map to the same transposons that are targeted by piRNAs (e.g. mdg1, 297, blood, and others; Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008) . When taking into account only uniquely mapping TE-associated siRNAs or normalizing TE-associated siRNA reads to the number of genomic loci, many endo-siRNA matches still accumulate on piRNA cluster loci (Chung et al., 2008; Czech et al., 2008) . However, the number of endosiRNAs mapping to piRNA clusters can be estimated to be an order of magnitude lower than piRNAs, and the distribution of piRNAs versus siRNAs mapping to consensus TE sequences differ significantly. For example, over 90% of the piRNAs corresponding to mdg1 and blood are antisense matches, while only 60% of the endo-siRNAs corresponding to these elements are antisense matches (Chung et al., 2008) . It is unclear if endo-siRNAs are derived from the same transcriptional loci as piRNAs.
A small piece of piRNA background
Studies in fly and zebrafish embryos were the first to describe small RNAs complementary to repetitive transposable elements in animals; these were named repeat-associated siRNAs (rasiRNAs) (Aravin et al., 2001 (Aravin et al., , 2003 Elbashir et al., 2001; Chen et al., 2005) . These small RNAs, as a class, have been reclassified as Piwiinteracting RNAs (piRNAs) because these rasiRNAs and other small RNAs co-purify with PIWI-group proteins from flies and mammals (Aravin et al., 2007a; Malone and Hannon, 2009; Ghildiyal and Zamore, 2009 ). The revolution in characterizing piRNAs has been next-generation deep sequencing technology (Morozova et al., 2009) , which has revealed the extraordinary sequence diversity of individual piRNAs in flies and mammals. Recently, piRNAs have also been deeply sequenced in zebrafish, frog, monotremes, silkworm, sponges, and sea anemone (Grimson et al., 2008; Murchison et al., 2008; Armisen et al., 2009; Houwing et al., 2007; Kawaoka et al., 2009; Lau et al., 2009a) , but studies in fly and mouse have yielded most of our understanding of piRNAs and their genomic origins.
Piwi-interacting RNAs can be classified into two main types based on where the piRNAs originate in the genome (Fig. 3) . Class I piRNAs predominantly begin with a 5 uridine (U), and generally map uniquely as clusters to genomic regions with a pronounced strand bias, such that single-stranded precursors ranging from 1-100 kilobases (kb) are thought to give rise to a huge variety Fig. 3 . Classification of Piwi-interacting RNAs. Multi-kilobase clusters of piRNAs lying in intergenic regions give rise to both class I (primary) piRNAs and class II (secondary) piRNAs. Class II piRNAs are thought to be generated by a "ping-pong" mechanism, whereas biogenesis of class I piRNAs is unclear. However, a group of class I piRNAs derived from mRNAs (genic piRNA precursors) appear to preferentially arise from the 3 untranslated region (3 UTRs) of the mRNAs, suggesting PIWI proteins might compete with the ribosome for access to mRNAs or cryptic promoters may reside upstream of certain 3 UTRs that promote transcription of an independent transcript. of piRNAs. These piRNAs are typically abundant in adult rodent spermatocytes and spermatids when the male germ cells are progressing through the pachytene stage of meiosis (Aravin et al., 2006; Girard et al., 2006; Lau et al., 2006) . In mammals, some of these class I piRNA clusters exhibit a bi-directional configuration that implies divergent transcription, with a 0.1-1 kb region separating the two domains of piRNAs (Aravin et al., 2006; Girard et al., 2006; Lau et al., 2006) . Mapping of class I piRNAs in D. melanogaster also revealed large strand-biased clusters of piRNAs described as "master control loci", since mutations near these loci have broad effects on piRNA production and transposon control (Brennecke et al., 2007) . However, these loci also contribute to the production of class II piRNAs because many transposon relics have accumulated in these regions.
Class II piRNAs generally map to multiple genomic loci because they have a higher propensity to match repetitive elements like transposons. These piRNAs are composed of one form that often begins with a 5 U and is antisense to TE messages, while a second form contains adenine (A) at position 10 and is the same sense strand as TE messages (Fig. 3) . The class II piRNA forms can base-pair to each other in the first 10 nt, such that the U of the antisense piRNA matches the A of the sense piRNA. In D. melanogaster, one PIWI homolog, Aubergine (Aub), mainly binds piRNAs that are antisense to TEs, while piRNAs that are sense to TEs are predominantly bound by another piRNA-binding protein, Argonaute-3 (AGO3) (Brennecke et al., 2007; Gunawardane et al., 2007) .
When Aub-piRNA complexes seek transcripts from active TEs, the Slicer activity in Aub that is guided by the piRNA can cleave the TE transcript to define the 5 end of a new piRNA for incorporation into AGO3. The AGO3-piRNA complex reciprocates on a transcript made from master control loci to define the 5 ends of piRNAs incorporated into Aub. Additional processing events not yet well understood help define the 3 end of the piRNA. This circular model has been called the "ping-pong" amplification mechanism (Fig. 3) , because two PIWI proteins "ping-pong" off of each other to amplify piRNA biogenesis (Kim et al., 2009; Malone and Hannon, 2009) . Although Aub and AGO3 clearly bind class II piRNAs, it is not clear whether Piwi, the founding member of PIWI proteins, prefers class I over class II piRNAs. However, its piRNAs are also antisense to TEs and can accumulate abundantly even when AGO3-associated piRNAs are poorly expressed or absent (Gunawardane et al., 2007; Lau et al., 2009b) .
Mammals also contain three PIWI homologs, and in mice the Miwi, Mili, and Miwi2 proteins are all expressed in the male germline, whereas oocytes appear to express only Mili (Tam et al., 2008; Watanabe et al., 2008) . In early stages of spermatogenesis, Mili, Miwi2, and class II piRNAs are expressed in the primordial germ cells that develop and divide by mitosis into primary spermatogonia (Aravin et al., 2003 (Aravin et al., , 2007b Carmell et al., 2007) . When spermatocytes enter meiosis to become spermatids, they express Miwi as well as a burst of class I piRNAs. Class II piRNAs are generally more difficult to detect in mouse, perhaps due to the small number of early germ cells, whereas class I piRNAs in adult mouse testes are so abundant that they can be detected by ethidium bromide staining (Aravin et al., 2006; Girard et al., 2006) . In contrast to fly master control loci, which yield both class I and class II piRNAs, the clusters of mouse class II piRNAs are often distinct, more numerous, and smaller in genomic coverage than the class I piRNA clusters (Aravin et al., 2007b Kuramochi-Miyagawa et al., 2008) .
Recently, new distinctions in class I piRNAs have come into focus in flies and mice. In contrast to adult mouse testes, D. melanogaster ovaries express abundant levels of class II piRNAs, of which many are maternally deposited into the embryo. Three groups using different approaches to partition class II piRNAs have determined that a cohort of class I piRNAs are present in the somatic follicle cells of the ovary, and many derive from a master control locus called flamenco (Lau et al., 2009b; Li et al., 2009; ). The flamenco piRNAs and bulk of class I piRNA clusters in mouse adult testes can be considered intergenic piRNA clusters. The Lau and Lai laboratories have now observed that significant numbers of class I piRNAs across diverse animals can also derive from many specific mRNAs, such that the piRNAs preferentially map to the 3 UTRs of the mRNAs (Robine et al., 2009 ). These recent findings underlie additional complexities in this germline gene regulatory pathway that remain to be uncovered.
Nematode piRNAs are different: 21U RNAs
Most animal piRNAs conform to the categories of class I and class II types; however, an atypical class of piRNAs were revealed in C. elegans and named 21U RNAs because of their uniform 21 nt length, their initial 5 U, and their genomic origin as a cohort from large domains of chromosome IV (Ruby et al., 2006) . A consistent motif upstream of the sequence encoding the 21U RNAs was detected for each individual 21U specimen, but whether this motif serves as a transcription promoter or a processing signal is currently unknown.
At first glance, 21U RNAs might seem like endo-siRNAs in their length and the apparent derivation from either genomic strand, a hallmark for a dsRNA precursor. However, three groups recently demonstrated that 21U RNAs are actually Piwi-interacting RNAs: mutants lacking functional Piwi-related gene-1 (prg-1) lack 21U RNAs (Batista et al., 2008; Das et al., 2008; Wang and Reinke, 2008) , the immunoprecipitates (IPs) of PRG-1 contain these small RNAs, and the biogenesis of 21U RNAs is Dicer-independent (Batista et al., 2008; Das et al., 2008) . Although the length and genomic characteristics of 21U RNAs are quite divergent from other animal piRNAs, PRG-1 exhibits many similarities with PIWI proteins besides amino acid sequence similarity. PRG-1 expression is germline-restricted and concentrated in germ cell foci called P-granules, and mutants exhibit temperature-sensitive sterility due to germ cell loss (Batista et al., 2008; Das et al., 2008; Wang and Reinke, 2008) . Curiously, loss of 21U RNA expression only up-regulates the Tc3 class of transposons in the worm germline (see below, Batista et al., 2008; Das et al., 2008) . Thus, 21U RNAs and their loci from chromosome IV represent an extreme configuration of a piRNA class.
Are we near the saturation point for discovery of small RNAs? Perhaps not, since abundant RNAs masked the discovery of the less abundant species in past deep sequencing efforts. In mice, the class I piRNAs obscured initial detection of class II piRNAs, but class II piRNAs became apparent in neonatal and young testes libraries, when class I piRNAs were absent (Aravin et al., 2007b KuramochiMiyagawa et al., 2008) . The Zamore laboratory has suggested a class of "piRNA-like" RNAs detectable in D. melanogaster heads when ago-2 is genetically ablated and the "background" of endo-siRNAs has been cleared away (Ghildiyal et al., 2008) . Finally, a new class of transcription start site small RNAs have been uncovered in mouse embryonic stem (ES) cells, but these species represent a miniscule proportion of the sequenced libraries (Seila et al., 2008; Fejes-Toth et al., 2009) . Increasing the depth of library sequencing may be a straightforward approach to future small RNA discovery. However, focused library construction from specific stages or cell types, organelles, or biochemical fractions of ribonucleoproteins will also yield insight into the diversity of small RNAs.
The riddles of germline small RNA biogenesis
Although our picture of miRNA/siRNA biogenesis is detailed (Figs. 1 and 2; Kim et al., 2009) , we only have a few insights into piRNA biogenesis (Fig. 3) . Studies in flies, zebrafish, and nematodes demonstrated that piRNA production does not require Dicer (Vagin et al., 2006; Houwing et al., 2007; Batista et al., 2008; Das et al., 2008) ; this suggests that piRNA biogenesis is uncoupled from miRNA and siRNA biogenesis in animals. The ping-pong model for amplification of piRNA biogenesis explains why piRNA biogenesis does not require Dicer and how the prevalent 5 U of piRNAs can be defined (Brennecke et al., 2007; Gunawardane et al., 2007) . Nevertheless, several questions remain: How does efficient primary piRNA production occur without the ping-pong mechanism? How exactly are piRNA 3 ends defined? How are piRNA precursor transcripts selected? It has been hypothesized that the nuclease domain-containing proteins Zuc and Squ might play a role in defining the 3 end of piRNAs; however, this remains to be molecularly demonstrated Ghildiyal and Zamore, 2009; Klattenhoff and Theurkauf, 2008; Li et al., 2009) .
Interestingly, the 3 ends of piRNAs (and endo-siRNAs) in all animals examined are processed to contain a 2 hydroxyl (2 OMe) modification (Houwing et al., 2007; Kirino and Mourelatos, 2007; Ohara et al., 2007; Vagin et al., 2006; Ruby et al., 2006; Grimson et al., 2008) . In D. melanogaster, this is mediated by a ribose methylase called DmHen1/Pimet Saito et al., 2007) . Although a 2 OMe modification of plant siRNAs and miRNAs is necessary to stabilize these small RNAs (Yu et al., 2005) , the role of DmHen1/Pimet and the 2 OMe modification is unclear because the phenotypes of the null mutant are modest Saito et al., 2007) .
Many PIWI-associated factors and genes genetically linked with piRNA biogenesis have been described, but their direct impact on piRNA function still needs to be evaluated. For example, among the proteins encoded by the fly genes implicated in piRNA biogenesis (the RNA helicases vasa, spn-E, and armi; the putative nucleases zuc and squ; and nuage components krimp and mael; Klattenhoff et al., 2007; Lim and Kai, 2007; Pane et al., 2007; Vagin et al., 2006) , only Vasa, Zuc and Squ have been shown to interact with Aub (Megosh et al., 2006; Thomson et al., 2008; Pane et al., 2007) . The mouse homologs of vasa and mael have also been genetically implicated in piRNA biogenesis (Kuramochi-Miyagawa et al., 2004; Soper et al., 2008) , while several candidate PIWI-associated factors in mice (RecQ1, Kif17b, eIF3a) await further physiological characterization (Kotaja et al., 2006; Lau et al., 2006; Unhavaithaya et al., 2008) .
The interest in PIWI proteins has set off a race to identify additional interacting factors. Recently, several laboratories performing proteomics of PIWI protein complexes from fly, frog, and mouse germ cells have all simultaneously identified a protein factor with single or multiple Tudor domain(s) (Kirino et al., 2009a,b; Lau et al., 2009a; Reuter et al., 2009; Vagin et al., 2009; Chen et al., 2009; Nishida et al., 2009; Vasileva et al., 2009; Wang et al., 2009 ). The founding member of the Tudor gene family is D. melanogaster tudor, some mutants of which produce sterile progeny and display abnormal germ cell development due to improper localization of maternal components (Thomson and Lasko, 2005) . The structure and biochemical function of the Tudor protein domain itself has been shown to bind symmetrically dimethylated arginines (sDMAs; Thomson and Lasko, 2005) , and the presence of multiple sDMAs has been determined in the N-terminal regions of Mili, Miwi, Aub, AGO3, and Piwi Kirino et al., 2009a; Nishida et al., 2009; Reuter et al., 2009; Vagin et al., 2009 ). The association of Tudor proteins and PIWI proteins may be important for the localization of the PIWI/piRNA complex to germ plasm in oocytes or the chromatoid body in mammalian sperm (Kirino et al., 2009a,b; Lau et al., 2009a; Nishida et al., 2009; Reuter et al., 2009; Vagin et al., 2009; Vasileva et al., 2009; Wang et al., 2009 ). However, ablation of individual Tudor genes in flies and mice causes varied reduction of piRNA biogenesis and PIWI protein stability (Kirino et al., 2009a,b; Nishida et al., 2009; Reuter et al., 2009; Vagin et al., 2009) . Thus the molecular function of D. melanogaster Tudor and vertebrate Tudor homologs remains to be fully elucidated.
Given the diversity of small RNA types in animal gonads, several conundrums vex the field regarding how germ cells and associated gonadal cells regulate small RNA expression and production. First, how is the transcription of germ cell-specific miRNA, siRNA, and piRNA precursors regulated? The promoter elements for these non-coding RNA genes are not defined, and motif prediction can be imprecise if the transcription start site (TSS) is unknown. The region that separates the piRNA domains in bi-directional adult mammalian piRNA clusters may harbor promoter elements (Aravin et al., 2006; Girard et al., 2006; Lau et al., 2006) . In contrast to the motif detected upstream of 21U RNAs, however, no obvious sequence motif shared by mammalian bi-directional clusters has been detected. A recent analysis of histone modifications and transcription factors in mouse ES cells has implicated CpG-rich genomic regions as the promoters of specific miRNA genes (Marson et al., 2008) . Perhaps this methodology can also ascertain the promoters of germ cell-specific small RNA genes.
Other questions regarding transcriptional regulation of piRNA clusters include: Which promoting factors and which RNA polymerases mediate piRNA precursor transcription? How are pre-pachytene piRNA clusters regulated differently from adult pachytene piRNA clusters during germ cell development? Does a given germ cell express all piRNA clusters simultaneously, or does it pick one or several piRNA clusters to express, analogous to how lymphocytes or olfactory neurons pick one immunoglobulin gene or odorant receptor gene, respectively, for expression? This last question has recently been explored in a single-cell analysis of small RNAs from Xenopus tropicalis oocytes that compared the overall profile of piRNA cluster expression between different eggs from different individual females (Lau et al., 2009a) . Interestingly, each egg expressed multiple piRNA clusters simultaneously, and the cluster expression profiles were similar in eggs derived from one mother but were different from eggs from a different mother. This suggests that piRNA cluster expression profiles can vary significantly between different individual animals.
Overall, our grasp of piRNA biogenesis still lags behind our understanding of miRNA and siRNA biogenesis, partly because in vitro cultured cells expressing miRNAs and siRNAs have facilitated biochemical analysis, while culture systems containing piRNAs had been lacking. Since piRNA expression is largely restricted to gonads, in particular to meiotic germ cells in mammals, finding a mitotic cell line that retained true gonadal characteristics seemed daunting. However, two insect cell lines derived from ovaries have recently been found to endogenously express abundant levels of piRNAs and PIWI proteins. An Ovary Somatic Sheet (OSS) cell line that likely derives from D. melanogaster ovary follicle cells expresses abundant levels of class I piRNAs because it only expresses Piwi (Lau et al., 2009b) . Complementing the OSS cells is the BmN4 cell line derived from the ovaries of the silkworm, Bombyx mori, which expresses both Siwi (i.e., silkworm Piwi) and BmAGO3; thus this line appears to express class II piRNAs predominantly (Kawaoka et al., 2009) . Since both these cell lines also express miRNAs and siRNAs, these systems will be invaluable for functional dissection of piRNA biogenesis and determining how cells partition miRNAs, siRNAs, and piRNAs into different AGO/PIWI proteins.
The impact of small RNAs in germline development
Although animal germline development is complex (Cinalli et al., 2008; Lin, 1997; Seydoux and Braun, 2006) , some general principles have emerged. In the earliest stages of embryonic development, primordial germ cells (PGCs) are sequestered and proliferate in a niche that includes somatic support cells. During prenatal and juvenile development, PGCs transition into germline stem cells (GSCs), which proliferate by self-renewing and/or differentiating into secondary germ progenitor cells. Somatic support cells provide signals and molecules to germ cells that commit germ cells to enter meiotic phases like leptotene, zygotene, and, most critically, pachytene, when synapsis of sister chromatids occurs. Afterwards, germ cells further differentiate into haploid gametes: the sperm in males and the oocytes in females. During terminal differentiation, sperm shed their cytoplasm and streamline into DNA delivery vectors. In contrast, oocytes bulk up on maternal components such as energy-rich molecules and materials that are utilized for building the embryo and for establishing the next generation of PGCs. Most animal oocytes become polarized during growth, such that maternal components concentrate in special cytoplasm called germ plasm and serve as determinants in the embryo to specify which blastomeres become PGCs.
The influence of miRNAs and endo-siRNAs
Although it is known that individual small regulatory RNAs can broadly impact animal development (Ambros, 2004) , the impact of small RNAs as a class on germ cell development is only now coming into focus. Studies where dicer or ago genes are mutated in the germline have demonstrated that miRNAs and siRNAs are crucial for germ cell development. For example, dicer (dcr-1) mutations in nematodes result in deformed oocytes (Knight and Bass, 2001 ), whereas dcr-1 mutations specifically in the D. melanogaster female germline produce GSCs that fail to self-renew but are able to differentiate into gametes (Hatfield et al., 2005; Jin and Xie, 2007) . Mutations in loqs, ago-1, and mei-p26, a regulator of ago-1, all likely disrupt miRNA function and exhibit similar defects in GSC maintenance through the loss of GSC self-renewal (Forstemann et al., 2005; Park et al., 2007; Neumuller et al., 2008; Yang et al., 2007) . Although the role of the miRNA pathway was deemed to be intrinsic to germ cells because somatic support cells expressing functional Ago-1 or Loqs failed to rescue the maintenance of mutant GSCs Yang et al., 2007) , proliferation of somatic support cells also seems dependent on miRNAs (Jin and Xie, 2007) . Together, these female germline studies suggest that miRNAs down-regulate differentiation genes in order to promote germ cell self-renewal and proliferation. However, the validation of genes predicted to be down-regulated by miRNAs in the germline remains to be explored.
Mouse male and female germ cells equally depend on miRNAs and siRNAs for proper development, but for reasons that may be different from fly germ cells. Although conditional oocyte-specific Dicer knockout mice are infertile, ovary morphology and oocyte numbers are similar to wild-type mice, suggesting that Dicer is not required for mammalian oocyte growth (Murchison et al., 2007; Tang et al., 2007) . However, the mutant oocytes are incapable of meiotic progression because the spindles are malformed, while some transposons are activated (Murchison et al., 2007; Tang et al., 2007) . In contrast to females, male mice with dicer mutations in the germline exhibit reduced PGC proliferation and a dramatic loss of spermatocytes developing into round spermatids (Maatouk et al., 2008; Hayashi et al., 2008) . Nevertheless, these mutant males are not completely sterile and produce a few motile sperm, but these may result from germ cells that escape the conditional gene ablation (Hayashi et al., 2008) . As in flies, the somatic support cells of both the male and female mouse germline require a functioning miRNA pathway to ensure that germ cells properly develop (Gonzalez and Behringer, 2009; Hong et al., 2008; Nagaraja et al., 2008) .
Although the importance of miRNAs in fly and mice germ cells is apparent, zebrafish buck this trend because fish mutants lacking dicer in both the zygotic genome and in maternal contribution are able to produce viable germ cells that can fertilize and form an initial zygote (Giraldez et al., 2005) . The maternal-zygotic dicernull (MZdicer) embryos eventually fail to gastrulate properly, but an injection of a double-stranded miR-403b duplex into the one-cell MZdicer mutant embryo rescues embryonic development (Giraldez et al., 2005) . A possible explanation for this may be that piRNAs and PIWI proteins can compensate for miRNAs and siRNAs in zebrafish germ cell development, since they are likely maternally deposited in the egg and do not depend on Dicer for production (Houwing et al., 2007) . Alternatively, maternal transcripts in zebrafish germ cells may have evolved mechanisms that obviate a need for regulation by miRNAs (Mishima et al., 2006) .
In mammals, it is more difficult to differentiate the impact of miRNAs versus endo-siRNAs on germ cell development because there is a single Dicer that produces both miRNAs and endosiRNAs, while all mammalian AGOs bind both miRNAs and siRNAs. However, a Drosha germline mutant, which should only lack miRNAs, might indicate if endo-siRNAs are sufficient for germ cell development. In D. melanogaster, the miRNA and siRNA pathways are genetically separable because Dcr-2 and Ago-2 produce endo-siRNAs independently of the Dcr-1 and Ago-1 production of miRNAs (Forstemann et al., 2007; Lee et al., 2004; Okamura et al., 2004; Tomari et al., 2007) . However, the role that endosiRNAs play in fly development remains mysterious-endogenous mRNA levels can be altered when endo-siRNAs are depleted, yet dcr-2 and ago-2 mutant flies that likely lack most endo-siRNAs do not appear overtly different from wild-type flies Okamura et al., 2004) . TE-associated piRNAs might compensate for TE-associated endo-siRNAs in the germline, and perhaps the endo-siRNA pathway impacts behaviors and responses to natural selective pressures that are typically absent in laboratory conditions.
The impact of endo-siRNAs on the C. elegans germline is much more evident, as many mutations that abrogate endo-siRNA production or stability cause varying degrees of sterility. Mutants with decreased 26G endo-siRNAs (eri-1, rrf-3, and a double mutant of the Argonautes T22B3.2 and ZK757.3) exhibit temperature-dependent sterility, presumably due to overexpression of target genes ). In addition, mutations that affect 22G endo-siRNA accumulation (cde-1, csr-1, drh-3, ego-1, and ekl-1) result in broad gametogenesis defects because mitotic and meiotic chromosomes fail to segregate properly She et al., 2009; van Wolfswinkel et al., 2009; Gu et al., 2009 ). The protein products of these genes appear to coalesce around chromosomes in gametes and blastomeres, while CSR-1, the AGO protein that binds a subset of 22G endo-siRNAs, directly interacts with chromatin targets. Bearing similarity to heterochromatic siRNAs in plants and fungi, which guide AGOs to modulate chromatin dynamics (Grewal and Moazed, 2003) , components of the CSR-1 endo-siRNA pathway might also direct methylation on histone H3. However, in contrast to heterochromatin targets in fungi and plants, CSR-1 is primarily enriched on coding genes She et al., 2009 ). Interestingly, the dosage and turnover of CSR-1 may be highly fine-tuned, because mutants in cde-1, which encodes a nucleotidyltransferase that uridylates 22G endo-siRNAs for possible degradation, have increased levels of 22G endo-siRNAs and exhibit misaligned mitotic chromosomes, perhaps due to ectopic histone methylation (She et al., 2009; van Wolfswinkel et al., 2009 ).
A conserved role of keeping transposons at bay
RNAi had been recognized as a mechanism to explain the phenomenon of cosuppression, where the silencing of multi-copy transgenes causes the silencing of endogenous genes, presumably from aberrant dsRNAs arising from the repetitive array of transgenes (Henikoff, 1998; Birchler et al., 2000) . This hypothesis led to the idea that RNAi could also silence endogenous genomic repetitive elements like transposons, which can number in the thousands of copies per element in animal genomes. Given the mutagenic capabilities of transposon mobilization, transposon control is essential for the long-term fitness of almost all organisms, and RNAi could have evolved as an elegant means to recognize these genomic invaders with small RNAs (Goodier and Kazazian, 2008) . This model was confirmed by the discovery of transposon-directed siRNAs in fungi and plants (Birchler et al., 2000; Zaratiegui et al., 2007) and rasiRNAs from flies and fish, all of which appear to arise from both strands of transposons (Aravin et al., 2001 (Aravin et al., , 2003 Chen et al., 2005) . These studies suggested that dsRNA is the common trigger for programming RNAi to target transposons, and identification of RdRP genes important for transposon control in plants and nematodes and the endo-siRNA pathway in fly further supported the model (Ghildiyal and Zamore, 2009; Malone and Hannon, 2009; Okamura and Lai, 2008) .
Transposon control may be most critical in animal germ cells since, ultimately, germ cells are the essential vehicles for transposon replication. However, instead of relying on the conventional RNAi pathway, animal germs cells have evolved the PIWI/piRNA pathway to regulate transposons. The function and primacy of the PIWI pathway in controlling transposons in the germline was first demonstrated by fly mutants that lack piRNAs, which show highly elevated TE transcript levels in ovaries and testes (Siomi and Kuramochi-Miyagawa, 2009 ). In contrast, mutations affecting endo-siRNA production in flies do not reveal observable defects in gametogenesis (Ghildiyal and Zamore, 2009; Malone and Hannon, 2009; Okamura and Lai, 2008) . The exact mechanism for how PIWI proteins and piRNAs silence transposon transcripts is not fully elucidated, but it is presumed that PIWI proteins use piRNAs that are antisense to transposons to recognize TE transcripts for cleavage and degradation. This hypothesis is supported by the conservation of catalytic residues between PIWI and AGO proteins necessary for Slicer activity (Tolia and Joshua-Tor, 2007) , and the observation of Slicer activity in vitro by PIWI/piRNA complexes (Lau et al., 2006; Saito et al., 2006) .
In addition to the slicing mechanism postulated for silencing transposons, work on mouse PIWI genes has suggested an additional transcriptional silencing pathway for maintaining transposon silencing. In the testes of mili and miwi2 mutant mice, there is elevated expression of retrotransposons like the LINE element L1 and the LTR element IAP (Aravin et al., 2007b Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008) . Interestingly, miwi2 and mili mutant mice also display loss of DNA methylation at L1 and IAP loci, whereas the profiles of IAP-targeting piRNAs are altered in Dnmt3L knockout mice, which lack a putative regulator of DNA methyltransferase activity during de novo establishment of DNA methylation patterns in the fetal male germline . Although Mili and Miwi are predominantly in the cytoplasm, Miwi2 is localized in the nucleus in specific fetal germ cell stages, and this localization is dependent on functional Mili .
These results have suggested that Mili and Miwi2 control transposons at both the transcriptional and post-transcriptional levels. Although a biochemical interaction among Mili, Miwi2, Dnmt3L, and other DNA methyltransferases has not been shown, the genetic links between class II piRNAs and DNA methylation events are compelling, and might explain how silencing of TEs can be established and maintained in somatic cells when piRNA expression is restricted to the germline. In addition to these findings in mouse, zebrafish oocytes deficient in Ziwi and Zili also display elevated TE transcripts, and it is hypothesized that mobilized TEs cause genomic damage that triggers apoptosis (Houwing et al., 2007 (Houwing et al., , 2008 . However, it is unknown if DNA methylation is affected in ziwi and zili mutants, and DNA methylation mechanisms are not thought to exist in invertebrates like D. melanogaster and C. elegans.
Nevertheless, plant small RNAs clearly guide DNA methyltransferases to TE loci, and both entities are critical for heterochromatin formation (Zaratiegui et al., 2007; Chen, 2009) . RdRPs in plants also help to enforce TE silencing by converting TE transcripts into dsRNAs that are processed into secondary siRNAs. In this respect, the C. elegans piRNA pathway shares similarity with plants. Very few 21U RNAs appear to target the major Tc1 and Tc3 transposable elements, but secondary siRNAs targeting Tc3 are lost in the prg-1 mutant (Batista et al., 2008; Das et al., 2008) . Thus, it has been proposed that 21U RNAs might help signal RdRPs in C. elegans to prime dsRNA production from aberrant TE transcripts (Fig. 2) , and this dsRNA becomes the source of secondary siRNAs that ultimately silence TEs, perhaps at the chromatin level (Batista et al., 2008; Das et al., 2008) . Whereas TE silencing is a conserved function for the piRNA pathway in animals, the mechanistic details of piRNA and PIWI function may be quite varied among animal species.
Beyond simply controlling TE mobility, fly genetics has also revealed that TE control can extend to telomere regulation and possibly to speciation of organisms. In the first example, D. melanogaster telomeres contain specific retrotransposons (HeT-A, TAHRE, TART) and TAS repeats that likely recombine with each other to maintain telomere length (George et al., 2006) . To stabilize telomere structure, the transposons and TAS repeats appear to generate piRNAs which direct Piwi and Aub to genetically impose heterochromatic marks onto the telomeres (Savitsky et al., 2006; Yin and Lin, 2007; Klenov et al., 2007) . The heterochromatic marks that are induced by piRNAs then repress telomeric TEs from mobilizing and can silence transgenes inserted into nearby telomeres. piRNA pathway mutants (piwi, aub, spn-E) appear to lose the ability to package telomeres into stable heterochromatin, allowing expression and mobilization of the telomeric TEs and loss of silencing of transgenes integrated near telomeres (Josse et al., 2007; Savitsky et al., 2006; Yin and Lin, 2007; Klenov et al., 2007) .
A second interesting manifestation of TE control by the piRNA pathway is hybrid dysgenesis, which describes a genetic syndrome of gonadal atrophy and sterility in hybrid progeny derived from a cross of wild-type D. melanogaster males and females from isolated laboratory strains (Kidwell et al., 1977) . This syndrome has been determined to result from an inability of laboratory females to repress certain transposons. Some have postulated that a homology-based mechanism could be the system for mediating this genetic phenotype (Chaboissier et al., 1998; Jensen et al., 1999) . Only recently have many groups begun to converge on the notion that siRNAs and piRNAs may be the critical maternal factors that endow daughters with the ability to resist the dysgenic syndrome by quenching TEs (Blumenstiel and Hartl, 2005; Brennecke et al., 2008; Chambeyron et al., 2008; Pelisson et al., 2007; Sarot et al., 2004) . Published reviews further detail the link between piRNAs and hybrid dysgenesis (Malone and Hannon, 2009; Shpiz and Kalmykova, 2009) .
In addition to the facet of transposon control, hybrid dysgenesis mediated by piRNAs and the PIWI pathway can also be viewed as an evolutionary force that drives speciation through modulating fertility. The Hannon laboratory demonstrated that fly strains can be genetically identical but epigenetically dissimilar on the basis of piRNA content (Brennecke et al., 2008) . Since the piRNA pathway is intact and the bulk of piRNAs are present in sterile dysgenic hybrids, the study may imply that subtle interplays between TEs and piRNAs can have a profound and rapid impact in generating a reproductive barrier that could ultimately drive animal speciation. This study also provokes the question of whether piRNA profiles might impact progeny health, given that individual differences in piRNA cluster expression may be quite prevalent even between wild-type animals (Lau et al., 2009a) . Finally, parameters like reduced growth temperature and increased parent age can suppress the dysgenic syndrome (Kidwell et al., 1977) ; thus, it will be interesting to see whether piRNA profiles or TE activity become altered by environmental conditions.
Classic mutants but new twists: fly genes affecting the piRNA pathway
Many genes affecting germline development in fly were previously discovered before they were known to affect piRNA function. Screens for female sterility and/or disrupted oocyte polarity identified aub, cuff, vasa, zuc, squ (Schupbach and Wieschaus, 1991) ; spn-E (Gillespie and Berg, 1995) ; mael (Clegg et al., 1997) ; and more recently armi and krimp (Lim and Kai, 2007) . These genes all affect piRNA accumulation and can be grouped as a class of related mutations where oocytes still form, but most of these oocytes cannot be fertilized and develop abnormally (Gillespie and Berg, 1995; Klattenhoff et al., 2007; Clegg et al., 1997; Lim and Kai, 2007; Chen et al., 2007) . These mutations also affect RNA localization mechanisms that help establish polarity in the oocyte. For example, the maternal mRNA for oskar, which nucleates germ plasm, is not properly localized to the posterior end of the oocytes in these mutants, possibly because the normally polarized microtubule network between nurse cells and oocytes is disrupted Clegg et al., 1997; Cook et al., 2004; Lim and Kai, 2007; Pane et al., 2007; Wilson et al., 1996) . Interestingly, the proteins from these germline genes all co-localize at the nuage, a perinuclear zone in nurse cells believed to be an active region of RNA organization (Lim and Kai, 2007; Klattenhoff and Theurkauf, 2008; Kloc and Etkin, 2005; Lim et al., 2009) .
How do piRNAs fit into the observed phenotypes of germline development mutations? The Schupbach and Therkauf laboratories have shown that mutants that are unable to accumulate piRNAs fail to prevent TEs from mobilizing, which results in elevated numbers of DNA breaks in the female germline Klattenhoff et al., 2007; Pane et al., 2007 ). The aberrant DNA breaks then trigger damage signaling checkpoint pathways, which in turn affect microtubule network organization. Genetic support for this hypothesis comes from the suppression of microtubule disorganization observed when checkpoint factors are also mutated in the background of a piRNA pathway mutant Klattenhoff et al., 2007; Pane et al., 2007) . However, these double mutants in checkpoint pathways do not suppress the loss of Oskar localization (Klattenhoff and Theurkauf, 2008; Navarro et al., 2009) , suggesting that RNA transport, perhaps utilizing microtubule machinery, may be a direct role for PIWI proteins and piRNAs. Indeed, a sea urchin and a frog PIWI homolog both interact with microtubules (Rodriguez et al., 2005; Lau et al., 2009a) , while small RNA pathways have been shown to rely on microtubule regulation (Brodersen et al., 2008; Parry et al., 2007) .
The piwi gene was discovered in separate screens for mutants with few dividing germline stem cells (Lin and Spradling, 1997) . Although ovaries initially develop normally in piwi mutants, the adult GSCs fail to self-renew and only differentiate into oocytes that can be fertilized but are incompetent for embryogenesis. This function of piwi draws similarity to the GSC maintenance functions of ago-1 and dcr-1, but the mechanism for this function is still obscure. In contrast to the cytoplasmic and perinuclear localization of Aub in nurse cells, Piwi is predominantly nuclear localized in both germ cells and somatic support cells (Cox et al., 1998 (Cox et al., , 2000 Brennecke et al., 2007; Saito et al., 2006; Lau et al., 2009b) . Additionally, piwi has been implicated in regulation of multi-copy transgene silencing through genetic or direct interactions with chromatin-associated proteins like Polycomb group (PcG) proteins and heterochromatin protein 1 (HP1; Brower-Toland et al., 2007; Grimaud et al., 2006; Pal-Bhadra et al., 2004; Yin and Lin, 2007) . Since PcG proteins are integral to the self-renewing capacity of mouse ES cells due to their role in silencing differentiation genes at the chromatin level (Boyer et al., 2006) , it is tempting to speculate that piwi might also serve an analogous function in the nucleus of GSCs or other stem cells of the fly germline.
Spermatogenesis in flies also depends on piwi and aub function, but the regulatory mechanisms are somewhat distinct from those in oocytes. piwi mutants lack sperm because GSCs fail to self-renew in the germinal niche (Lin and Spradling, 1997) , but aub mutant sperm divide yet fail to mature because protein crystals encoded by Stellate (Ste) gene repeats accumulate and probably poison the spermatocytes (Aravin et al., 2001 (Aravin et al., , 2004 Schmidt et al., 1999; Stapleton et al., 2001) . In wild-type fly testes, the Suppressor of Stellate [Su(Ste)] gene, a locus with homology to Ste repeats, produces piRNAs primarily antisense to Su(Ste), which then presumably direct Aub to destroy aberrant Ste transcripts Vagin et al., 2006; Palumbo et al., 1994) . The oocyte nuage component genes armi, spn-E, zuc, and squ also influence Ste silencing (Aravin et al., 2001 (Aravin et al., , 2004 Pane et al., 2007; Schmidt et al., 1999; Stapleton et al., 2001; Tomari et al., 2004) , suggesting that the core Aub-piRNA mechanism operates similarly in males and females even though Ste silencing is male-specific (Palumbo et al., 1994) . Interestingly, loqs mutations also de-repress Ste silencing in addition to affecting miRNA and endo-siRNA production (Czech et al., 2008; Forstemann et al., 2005; Okamura et al., 2008b) , suggesting that either endo-siRNAs contribute to Ste silencing, or loqs might participate in the function of all three major small RNA types in fly germ cells.
Two newly characterized D. melanogaster mutants with deficits in the piRNA pathway have recently been shown to display gametogenic defects similar to those seen in aub and piwi mutants. Isolation of the ago3 null mutant by the Zamore laboratory required the use of reverse genetics, possibly due to the location of the gene in proximity to heterochromatin . Consistent with the hypothesis of AGO3 acting in the ping-pong piRNA amplification pathway, the bulk of class II piRNAs are lost. A second mutant called rhino was also found to be deficient in class II piRNAs, primarily those deriving from master control loci producing piRNAs from both genomic strands, like the 42AB cluster (Klattenhoff et al., 2009) . Rhino was determined to be a rapidly evolving variant of heterochromatin protein 1 (HP1), and chromatin immunoprecipitation of Rhino indicated its presence at the 42AB piRNA cluster (Klattenhoff et al., 2009; Vermaak et al., 2005) . In contrast to a chromatin silencing role attributed to HP1, Rhino instead appears necessary to stimulate expression of piRNAs from clusters.
Although much interesting biology remains to be garnered from the ago3 and rhino mutants, an important insight revealed by these mutants is the partitioning of class I and class II piRNA biogenesis mechanisms (Klattenhoff et al., 2009; Li et al., 2009) . Since class II piRNAs are depleted and class I piRNA biogenesis remains intact in these mutants, the class I piRNAs surface in small RNA libraries, allowing confident classification of the flamenco locus as a class I piRNA cluster. Independent studies looking at maternal contribution of piRNAs or examining a follicle cell line (Lau et al., 2009b) have also confirmed flamenco as a primary generator of class I piRNAs; however, the functional partition of the two classes of piRNAs in vertebrates remains unclear, since there are fewer vertebrate piRNA mutants and the vertebrate orthologs of AGO3 and Rhino are not obvious.
PIWI proteins and vertebrate gametogenesis
Mouse male germ cells initially develop synchronously before the first wave of meiosis begins at 10 days postpartum (dpp), during which the class II pre-pachytene piRNAs are made. After the onset of meiosis, class I piRNAs become the dominant species in late spermatocytes and spermatids. Constitutive gene targeting of the three PIWI homologs in mice, Miwi, Mili, and Miwi2, has demonstrated that PIWI proteins and piRNAs are essential for male fertility, since the testes are diminished in each knockout mutant due specifically to the apoptosis of germ cells and not the somatic support cells (Carmell et al., 2007; Deng and Lin, 2002; Kuramochi-Miyagawa et al., 2004) . Mili is expressed as early as PGC and GSC formation and persists throughout spermatogenesis, while Miwi2 is only detected in germ cells in the 7 days between 15 days post coitus (dpc) and 3 dpp Carmell et al., 2007; Kuramochi-Miyagawa et al., 2004 . This stage-specific regulation of Miwi2, Mili, and Miwi expression correlates with the order of the developmental stage defects in mutants: early spermatocytes arrest in early prophase of meiosis I in miwi2 and mili homozygous knockouts, while miwi mutant germ cells arrest in the round spermatid stage. As the mutant mice age, arrested germ cells undergo apoptosis, and, through unknown causes, earlier spermatocytes and spermatogonia also progressively become depleted (Carmell et al., 2007; Deng and Lin, 2002; Kuramochi-Miyagawa et al., 2004) .
Mouse PIWI mutant neonates contain wild-type numbers of spermatogonia, indicating that GSC proliferation is initially unaffected. Thus, at the physiological level, mouse piwi genes do not exactly share the same stem cell maintenance role of D. melanogaster piwi. Also, in contrast to fly piwi, mouse piwi genes are dispensable for female fertility (Carmell et al., 2007; Deng and Lin, 2002; Kuramochi-Miyagawa et al., 2004) , although long-term fertility studies of homozygous female mutants have not been described. Since female germ cells only appear to express Mili, AGO proteins and endo-siRNAs may play a redundant role within mouse oocytes (Tam et al., 2008; Watanabe et al., 2008) . However, mammalian oogenesis is also fundamentally different from oogenesis in other vertebrates and spermatogenesis in general, because mammalian oogonia proliferate only during gestation and are committed to meiosis as primary oocytes at birth.
How do piwi genes impact female germline development in nonmammalian vertebrates, where oogenesis, like in D. melanogaster, depends upon mitotic proliferation and self-renewal of GSCs? The zebrafish piwi homologs, ziwi and zili, are expressed in both male and female gonads, but mutant analyses of these genes has not provided a clear answer. Null mutations in ziwi and zili cause sterility and germ cell loss during juvenile development, but this event also masculinizes zebrafish (Houwing et al., 2007 (Houwing et al., , 2008 . Zebrafish sex determination is not driven by sex chromosomes but by environmental and internal cues; however, a hypomorph of zili allows female germ cells to develop into sterile oocytes. Compared to zili, the ziwi mutant phenotypes are generally more severe: by 3 weeks post fertilization (wpf) ziwi mutant germ cells universally undergo apoptosis, while zili mutant gonads at 6 wpf still retain a few germ cells expressing Ziwi (Houwing et al., 2007 (Houwing et al., , 2008 . Additionally, the zili hypomorph causing female sterility is male fertile. Perhaps future analysis with the genetically tractable medaka fish may address how PIWI proteins directly affect oogenesis in vertebrates, since medaka sex determination is genetically specified (Wittbrodt et al., 2002) .
More to piRNAs than transposon silencing?
Although transposon control is the primary biological function for PIWI proteins and piRNAs, evidence for additional functions for PIWI proteins and piRNAs are also emerging, such as mRNA localization or broad gene expression control. For example, the specific posterior localization of oskar mRNA and other maternal factors in the D. melanogaster oocyte might be regulated by the PIWI pathway beyond simply the activation of DNA damage checkpoint mechanisms (Klattenhoff and Theurkauf, 2008; Navarro et al., 2009) . Interestingly, overexpression of piwi in D. melanogaster females results in embryos with greater Oskar expression, which increases the number of pole cells, the fly equivalent of PGCs (Megosh et al., 2006) . This suggests that Piwi may directly interact and recruit more oskar mRNA to the posterior end of the egg. It would be interesting to see if overexpression of aub or ago3 recapitulates this result.
In contrast to the >60% of D. melanogaster piRNAs corresponding to transposons (Yin and Lin, 2007) , only 18-34% of adult vertebrate piRNAs map to repetitive elements (Aravin et al., 2006; Girard et al., 2006; Houwing et al., 2007; Lau et al., 2006) . So, what might be the role for the bulk of class I piRNAs? Translational control has been discussed as a significant mechanism for germ cell gene regulation, of which part of the cellular mechanism depends upon RNA organization and localization events ( Fig. 4 ; Mendez and Richter, 2001; Kloc and Etkin, 2005; Kotaja and Sassone-Corsi, 2007) . aub and piwi mutations affecting oskar mRNA localization is one example of the piRNA pathway intersecting with a translational regulation mechanism Harris and Macdonald, 2001 ). In addition, the localization of PIWI/piRNA complexes in the fly germline may be highly dynamic, involving processing bodies and dynein transport components (Lim et al., 2009; Navarro et al., 2009) .
The Lin laboratory has proposed that Miwi and Mili may promote translation of male germline transcripts. Their support for this hypothesis includes co-sedimentation of Miwi and Mili with polysomes in density gradients, the association of Miwi and Mili with mRNAs and proteins that bind mRNA caps, and reduced rates of translation initiation in mili knockout testes (Deng and Lin, 2002; Grivna et al., 2006a,b; Unhavaithaya et al., 2008) . In spermatids, Miwi and Mili concentrate in the chromatoid body, a perinuclear organelle similar to nuage and germ plasm and thought to be an RNA processing center (Kotaja et al., 2006; Kotaja and SassoneCorsi, 2007) . Although more biochemical studies are needed to assess the effect of Miwi and Mili on translation, the X. tropicalis PIWI homolog, Xiwi, localizes to germ plasm and also associates with components of the translation machinery, including mRNAs (Lau et al., 2009a) . Additionally, in zebrafish, a zili hypomorph is capable of transposon silencing, yet the oocytes are unable to complete meiosis normally, resulting in sterility (Houwing et al., 2008) . Perhaps the meiotic defect in this zili hypomorph could also be attributed to a loss of translation regulation of protein factors that drive oocyte maturation, since translation regulation is integral to oocyte maturation in Xenopus laevis (Mendez and Richter, 2001 ). The prevalence of translation regulation mechanisms in animal germ cells and the commonalities between nuage, germ plasm, and the chromatoid body suggest there may be a conserved RNA processing and translation regulation role for PIWI proteins.
If PIWI proteins do regulate germ cell mRNAs, then how might piRNAs from intergenic clusters or TEs mechanistically modulate this function? The substrate recognition rules between piRNAs and mRNAs is unknown-do piRNAs recognize targets with imperfect bulges like miRNAs, or do they only act upon perfectly matched substrates like siRNAs (Fig. 4) ? Two recent papers suggest another possible mechanism of gene regulation by PIWI proteins processing primarily the 3 UTRs of select mRNAs into piRNAs (Robine et al., 2009; Saito et al., 2009) . Both studies uncovered the D. melanogaster traffic jam mRNA as a precursor of primary piRNAs, which one study suggests may regulate downstream genes that enforce follicle cell development (Saito et al., 2009) . The other study demonstrated that this piRNA biogenesis pathway from the 3 UTRs of mRNAs is broadly conserved from flies to vertebrates and may have evolved to select many specific mRNAs for piRNA processing as a possible mode of gene regulation (Robine et al., 2009) . The implications of these two new pathways on germ cell development remain to be further investigated.
Evolutionary and concluding perspectives
RNAi is an ancient mode of gene regulation, conserved from animals and plants to archaea and protists. Almost all eukaryotes possess AGO and Dicer proteins and a population of small RNAs, including miRNAs and siRNAs (Ghildiyal and Zamore, 2009 ). Interestingly, fungi and plants lack piRNAs since their AGO proteins, based on their amino acid sequence, do not fit in the same subclade as animal PIWI proteins (Seto et al., 2007) . However, the nebulous kingdom of protozoans possess homologs to the PIWI subclade, and many protozoan small RNAs also serve to target repetitive sequences like transposons, although the genesis of these small RNAs requires a Dicer enzyme (Couvillion et al., 2009; Mochizuki and Gorovsky, 2004; Shi et al., 2004 Shi et al., , 2006 Ullu et al., 2005; Zhang et al., 2008) . Although plant germ cells are quite different from animal germ cells, plants also utilize their own repertoire of specific small RNAs to regulate germline tissue development (Slotkin et al., 2009) . Despite this common theme, the miRNA and siRNA pathways in animals are distinct from the piRNA pathway in terms of the restricted tissue expression, independence from Dicer for biogenesis, and possibly in final regulatory mechanisms. Perhaps this distinction arose with the PIWI pathway evolving separately and more recently in animal lineages, because siRNAs are found in nearly all eukaryotes, while PIWI genes are only known in animals and some protozoans (Seto et al., 2007; Grimson et al., 2008) .
In bilaterian animals, miRNAs can be highly conserved. For example, the miRNA let-7 is perfectly conserved at the primary sequence level between nematodes and humans . This may be because miRNAs regulate hundreds of targets in essential gene regulatory networks via imperfect base pairing interactions between the miRNA and target 3 UTRs (Bartel, 2009) . Neither individual endo-siRNAs nor individual piRNAs likely exhibit the deep primary sequence conservation seen in miRNAs. This may be attributed to the scattered biogenesis of multitudes of endo-siRNAs and piRNAs from a precursor versus a single pair of miRNA/miRNA* from a miRNA hairpin precursor, and possibly to a much more limited regulatory role for piRNAs and siRNAs compared to miRNAs.
However, conservation of entire piRNA clusters is maintained at the level of synteny within mammals. Syntenic alignments of chromosomes between mouse, rat, and human illustrate the conserved presence and configuration of pachytene piRNA clusters. Nevertheless, very little primary sequence conservation is detected between rodent and human piRNAs (Girard et al., 2006; Lau et al., 2006) . This suggests that piRNA production is essential, but the sequence identity of the piRNAs can evolve rapidly, possibly to combat transposons that also evolve quickly. Although PIWI protein components and germline functions of piRNAs may be conserved among animals, the piRNA clusters can vary significantly (i.e. D. melanogaster master control loci versus C. elegans 21U RNA clusters).
A recent analysis of two non-bilaterian animals that are at a basal point of the evolutionary tree has indicated that the major proportion of small RNAs in basal animals exhibit qualities of piRNAs (Grimson et al., 2008) . The genomes of the anemone Nematostella vectensis and the sponge Amphimedon queenslandica each encode three PIWI homologs, and class II and class I piRNAs could be identified based upon reads that form ping-pong pairs and clusters of reads that map in a strand-biased fashion, respectively (Grimson et al., 2008) . Whether these piRNAs are restricted to the germ cells of these non-bilaterians remains to be established. However, sponges and anemones contain not typical germ cells, but rather derivatives of somatic pluripotent stem cells, which lend to these organisms' extraordinary regenerative capabilities (Extavour et al., 2005; Muller, 2006) . Interestingly, one class of bilaterian animals, planarians, also exhibit extensive regenerative capacities and possess somatic pluripotent stem cells called neoblasts, which can give rise to planarian germ cells. Small RNA studies of planaria might relate to the biology of non-bilaterians.
The planarian Schmidtea mediterranea also contains three piwi homologs, smedwi-1, -2, and -3, which are mainly expressed in the neoblasts, and both piRNAs and miRNAs have been cloned from this animal (Palakodeti et al., 2006 (Palakodeti et al., , 2008 Friedländer et al., 2009) . Although full genomic characterization of planarian piRNAs is still pending, these piRNAs are a bit longer than other animal piRNAs (mainly 30-32 nt), and several piRNAs also target transposons (Palakodeti et al., 2008) . RNAi knockdown studies of smedwi-2 and smedwi-3 indicate that these genes affect the regenerative capacity of planaria after amputation, such that neoblast proliferation is not affected, but differentiation and tissue repair by neoblasts are blocked (Palakodeti et al., 2008; Reddien et al., 2005) . Knockdown of smedwi-2 and smedwi-3 also reduces piRNA but not miRNA levels, suggesting that planarian neoblasts rely upon piRNAs for differentiation (Palakodeti et al., 2008) , in contrasts to mouse ES cells, which rely on miRNAs for differentiation (Bernstein et al., 2003) . The fact that planaria and basal animals such as sponges and sea anemones contain pluripotent neoblasts/neoblast-like cells together with abundant populations of piRNAs suggests that an ancestral function of the piRNA pathway might have been to modulate tissue regeneration in simple animals.
Research into the biology of pluripotent stem cells, like ES cells, may enable a revolution in treating human diseases (Yu and Thomson, 2008) . Given the ethical and practical limitations of accessing embryos, other tissue types have been explored for pluripotent stem cells, including male gonads. Since germ cells give rise to the embryo and GSCs are totipotent, investigations on mouse and human male gonads have also yielded pluripotent stem cells (Conrad et al., 2008; Kanatsu-Shinohara et al., 2004) . The impact of the piRNA pathway on stem cell function in vertebrates and mammals is only now being explored, and while piRNAs have not been detected in mouse ES cells, class II piRNAs have been detected in certain mouse spermatogonial stem cell lines (Lau, unpublished data) . Since the piRNA pathway plays an integral role in GSC and neoblast development, it is encouraging to speculate that other regenerative processes involving stem cells might be impacted by piRNAs or other germline small RNAs.
Beyond stem cells, further investigation of transposon control by piRNAs may also impact our understanding of human aging. For example, maintaining the stability of genomes is a critical component of cancer prevention and avoiding developmental abnormalities. Comparing TE control in germ cells versus TE regulation in somatic cells might reveal the differences in pluripotency between GSCs and somatic stem cells. Perhaps epigenetic programming events during gametogenesis via small RNAs help to establish chromatin conformations necessary for proper embryogenesis.
In multicellular organisms, germ cells may not be essential to the health of the individual, but they are essential to the propagation and survival of the species. In the recent past, germ cell biology has become evidently indispensable for investigations into small RNA function. As future experiments reveal the molecular underpinnings of how PIWI proteins and piRNAs work, the insights gained may lead to applications useful for human therapies.
